Social interactions occur within a variety of different contexts--cooperative/competitive--and often involve members of our social network. Here we investigated whether social network modulated the value placed on positive outcomes during a competitive context. Eighteen human participants played a simple card-guessing game with three different competitors: a close friend (in-network), a confederate (out-of-network) and a random number generator (non-social condition) while undergoing fMRI. Neuroimaging results at the time of outcome receipt demonstrated a significant main effect of competitor across multiple regions of medial prefrontal cortex, with BOLD responses strongest when competing against one's friend compared to all other conditions. Striatal BOLD responses demonstrated a more general sensitivity to positive compared to negative monetary outcomes, which an exploratory analysis revealed to be stronger when interacting with social, compared to non-social, competitors. Interestingly, a Granger Causality analysis indicated directed influences sent from an mPFC region, which shows social network differentiation of outcomes, and the ventral striatum bilaterally. Our results suggest that when competing against others of varying degrees of social network, mPFC differentially values these outcomes, perhaps treating in-network outcomes as more informative, leaving the striatum to more general value computations.
Introduction
Human behavior often occurs within varying social contexts which color our daily experiences and decisions. We often seek out social rewards, such as looking for acceptance from others (Somerville et al., 2006) , which may be valued subjectively in putative neural reward circuitry (Izuma et al., 2008) akin to non-social rewards (Delgado et al., 2000; Knutson et al., 2001; O'Doherty et al., 2002; Knutson et al., 2003; Tricomi et al., 2006; Seymour et al., 2007) . One interesting idea is that the value of social rewards and the influence of social context may in part be driven by a fundamental need to feel accepted or belong (Baumeister and Leary, 1995) and a desire to form meaningful relationships (van Winden et al., 2008) , both of which can modulate behavior. The mere chance to receive social approval for our actions increases prosocial tendencies (e.g., charitable giving) and more strongly recruits reward circuitry than when there is no chance for approval (Izuma et al., 2010) , and simply being in the presence of peers lends increased value to engaging in risk-taking behaviors (Steinberg and Monahan, 2007; Chein et al., 2011) . Furthermore, both vicarious and shared positive experiences can receive differential value depending on whether they occur with others that are perceived as socially similar (vs. dissimilar; Mobbs et al., 2009) or with someone from within (vs. outside of) one's social network (Fareri et al., 2012) . Taken together these findings lend credence to the notion that social context can influence neural signals involved in motivated behavior, in turn playing a significant role in our daily experiences.
An interesting question arises, however, when considering that social interactions can occur in contexts that are sometimes diametrically opposed--e.g., cooperative vs. competitive.
Within cooperative social contexts, humans often act against their own self-interest, forgoing maximal personal gains for lesser gains that carry greater social value in the long run; the 4 motivation here is that concerns for social preferences--e.g., reciprocity, fairness and reputation--underlie social behavior (Berg et al., 1995; Fehr and Fischbacher, 2002; Fehr and Camerer, 2007) . For example, achieving outcomes via mutual cooperation with another person elicits stronger BOLD responses in corticostriatal reward circuitry compared to when acting selfishly or when mutually cooperating with a computer (Rilling et al., 2002) , as well as compared to when one's cooperation goes unreciprocated (Rilling et al., 2004) .
Competitive contexts, on the other hand, require keeping track of others' behavior so as to be able to outperform a competitor. Such processes rely on cortical structures, particularly medial prefrontal cortex (mPFC), to monitor self and other performance (de Bruijn et al., 2009; Howard-Jones et al., 2010) and code for outcomes earned against another (Bault et al., 2011) . A competitive social context has also been found to influence striatal BOLD signals, with responses to losses in an auction correlating with a tendency to overbid (Delgado et al., 2008) .
Taken together, these findings suggest diverging motives and mechanisms during cooperative and competitive contexts.
As many of our interactions occur with members of our social networks, it is critical to understand how social network might affect the value placed on earned outcomes within these differing social contexts. Sharing positive outcomes with a close, in-network partner more strongly recruits the striatum than sharing the same outcome with an out-of-network other (Fareri et al., 2012) , suggesting a higher value attached to outcomes shared with close others. However, it is unclear how competing with an in-network other might affect outcome value; that is, will 5 Participants competed for separate pots of money against three different competitors: an innetwork close friend, an out-of-network other (confederate), and a random number generator (non-social control). Participants alternated roles between making guesses in the game (player) and watching their competitors guess (observer). Importantly, outcomes could benefit one or the other party irrespective of who was responding; that is, monetary gains could go to a participant if they made a correct guess or if their competitor made an incorrect guess. Based on previous work from our group (Fareri et al., 2012) , we hypothesized that outcome valuation as reflected by corticostriatal BOLD responses would be modulated by social network in this competitive context, with enhanced responses observed in mPFC and the striatum at the time of outcome when competing against an in versus out-of-network competitor.
Methods and Materials

Participants
Twenty-four gender matched participant pairs were recruited using posted advertisements from Rutgers-Newark and the surrounding area. Six participant pairs were excluded from final analysis. One participant withdrew after reporting claustrophobia. Three participant pairs failed to meet inclusionary criteria: excessive head motion (>3mm in any plane) across multiple runs of the session and observed artifact in BOLD images. Two final pairs were excluded because of reported explicit plans to split the money earned in the task prior to coming in for the scanning session, thus compromising the creation of a competitive social context. Final analysis was conducted on behavioral and fMRI data from the remaining 18 MRI participants (M = 20.4 years, SD = 2.15, 8 female). Behavioral analyses were additionally conducted on questionnaire 7 were told that their goal was to earn more money than each competitor. The confederate was portrayed as another participant in the study who had been trained separately on the task and met the MRI participant and their friend at the start of the experimental session on Day 2. Both the MRI participant and their friend rated the confederate on the IOS as a manipulation check. The confederate's true identity was not revealed until the end of the task to limit suspicions of an unfair advantage in the task. The RNG served as a non-social control condition and was represented in the task by a photo of a matrix of random numbers (see Supplemental Materials for further discussion). MRI participants alternated roles during the task between making the guesses in the game (player) and watching their competitors make the guesses (observer).
Participants' task (adapted from Fareri et al., 2012) , was simply to guess whether the value of a card was lower (1, 2, 3, 4) or higher (6, 7, 8, 9) than the number 5 (see Figure 1 and Supplemental Materials for trial timeline). The task consisted of 96 trials in total, evenly distributed across 4 functional runs. Each run contained 8 trials per partner condition, randomly presented. Participants' roles alternated across runs--two player runs and two observer runs, with 48 trials total per role condition--the order of which was counterbalanced across sessions.
During player runs, MRI participants responded using buttons designated "high" and "low" on an MRI compatible fiber optic response box (Current Designs, Inc.); the friend was seated in the control room and pressed a designated button on a computer keyboard to "release" the MRI participants' responses (i.e., allow them to be counted) on trials in which they were competing.
During observer runs, MRI participants made a button press to release their competitors' responses. This served as both a motor control as well as to keep MRI participants and their friends engaged in the task at all times. Unbeknownst to MRI participants, confederate and computer responses were preprogrammed into the task.
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All trials had $2.00 at stake. Correct guesses resulted in +$2.00 for the respondent and $0.00 for the other party; incorrect guesses resulted in the opposite distribution. Thus the MRI participant could experience positive (+$2.00) and negative outcomes ($0.00) regardless of whether they (player runs) or their competitors (observer runs) were making the guesses. No monetary losses were incurred in this task unless a trial was missed. If either the MRI participant or their competitor did not respond within the requisite amount of time (see Figure 1 and Supplementary Materials), the "#" symbol would appear; participants were told this indicated a monetary loss of $1.00 for both parties involved. This was intended to encourage responding and to protect against participants potentially not responding in order to prevent a competitor from earning money. Importantly, all outcomes were predetermined (50% positive, 50% negative) and randomly presented to ensure equivalent experiences across all participants.
We assessed MRI participants' motivation to beat each competitor prior to the task as a subjective baseline measure of competitiveness. Post-session ratings were acquired to assess participants' experience during the task (e.g., how excited/disappointed they were to win/lose against each competitor). Ratings were made on seven-point Likert scales (1 = not at all, 7 = a lot).
Behavioral Analysis
We conducted Pearson's correlations between MRI participants' and friends' responses on the IOS to probe whether they held similar views of their relationship. MRI participants' ratings of friend and confederate on the IOS were tested with paired samples t-tests; the same was done for friends' responses. Pre and post session ratings were examined with separate oneway repeated measures ANOVAs. A Greenhouse-Geiser correction was applied for violations of 9 sphericity. Where appropriate, post-hoc comparisons were conducted and corrected for multiple comparisons using the Sequential Bonferonni Method (Holm, 1979; Rice, 1989) .
fMRI Acquisition and Analysis
Images were acquired using a 3T Siemens Allegra head-only scanner. Anatomical images were collected with a T1-weighted MPRAGE sequence (256 x 256 matrix; FOV = 256 mm: 176 1 mm sagittal slices). Functional images were acquired using a single shot gradient echo EPI sequence (TR = 2000 ms, TE = 25 ms, FOV = 192, flip angle = 80º, bandwidth = 2604 Hz/Px, echo spacing = 44) and comprised thirty-five contiguous oblique-axial slices (3 x 3 x 3 mm voxels) parallel to the anterior commissure-posterior commissure line. Preprocessing and analysis of neuroimaging data was performed using BrainVoyager QX (v2.2, Brain Innovation).
Preprocessing consisted of 3D motion correction (six parameters) slice scan time correction (cubic spline interpolation), 3D Gaussian spatial smoothing (4-mm FWHM), voxelwise linear detrending, and high-pass filtering of frequencies (3 cycles per time course). Individual anatomical and functional datasets were warped to standard Talairach stereotaxic space (Talairach and Tournoux, 1988) . Individual whole brain masks were created and additively combined to create a group mask excluding the skull.
We constructed a single random effects GLM using role, competitor and outcome as factors. We modeled the response and outcome phases of the task with separate regressors as a function of competitor and role conditions in order to capture variance unique to each phase.
Thus, we included a total of 18 regressors of interest in our model. Six regressors were included modeling the response phase (2 seconds in duration; 2 levels of role, 3 levels of competitor); twelve regressors were included modeling the outcome phase (2 seconds in duration; 2 levels of 10 role, 3 levels of competitor, 2 levels of outcome). One missed trial regressor and six motion parameters served as regressors of no interest. Regressors of interest and missed trial regressors were convolved with a 2-gamma hemodynamic response function. All regressors were ztransformed at the single participant level. Statistical parametric maps (SPMs) were initially set to an uncorrected height threshold of p<.001, unless otherwise noted, and were subsequently corrected for multiple comparisons to a corrected threshold of p<.05 at the group level using the Cluster Level Statistical Threshold Estimator plugin in BrainVoyager. This correction method runs a series of Monte Carlo simulations across the whole brain to determine the probability that observed significant clusters of activation are not false positives in a given SPM (Forman et al., 1995; Goebel et al., 2006; see also Lieberman and Cunningham, 2009) . A cluster threshold of 3 contiguous voxels (equivalent to 81 mm 3 ) as determined by the plugin was applied, unless otherwise noted. We conducted three main types of analyses:
Whole Brain Analyses. We conducted a 2 (role) x 3 (competitor) x 2 (outcome valence) whole brain repeated measures ANOVA to investigate BOLD responses during the outcome phase of the task. We additionally conducted a 2 (role) x 3 (competitor) whole brain repeated measures ANOVA in order to probe BOLD responses during the response phase (see Supplementary Materials for results). Mean parameter estimates were extracted from functional clusters to characterize resulting significant effects based on an average across all voxels in a region of interest centered around the peak voxel. Where appropriate, post-hoc comparisons were conducted and corrected using the Sequential Bonferonni Method (Holm, 1979; Rice, 1989) . We probed modulation of outcome related BOLD responses by social closeness (Fareri et al., 2012) with whole brain correlations between self-reported closeness (IOS) with their friends 11 and outcome related BOLD responses collapsed across all competitor types (e.g., ∑ positive > ∑ negative outcomes).
Second Order Contrast. We also conducted a second order contrast to explore differences in outcome value signals (e.g., positive > negative) as a function of whether a competitor was a social or non-social entity. We performed separate contrasts of positive vs.
negative outcomes for social (friend + confederate) and non-social (RNG) trials at the single participant level. We then conducted a subtraction of social -non-social outcome maps for each participant, and combined single-subject subtractions to form a group map that was subjected to a t-test against zero. This exploratory analysis was set at a more lenient threshold of p<.005, whole brain corrected at the cluster level to 5 contiguous voxels (135 mm 3 ) of brain tissue as determined by the Cluster Level Statistical Estimator.
Granger Causality Analysis. As previous investigations have demonstrated connectivity
within corticostriatal circuitry during competitive and strategic social interactions (e.g., Hampton et al., 2008; Bault et al., 2011) , we conducted a Granger Causality analysis in BrainVoyager.
Granger Causality assesses interactions between a seed region of interest and all other areas of the brain by assuming a linear dependence between two time series x and y when using vector autoregression (Geweke, 1982) . Linear dependence F x,y between two time series can be quantified as a summation of the extent to which: past values of one time series x can better predict values of a second time series y (F x y ) than past values of y, and vice versa (F y x ), as well as the undirected instantaneous influence that may occur between time series x and y (F x*y ) (Goebel et al., 2003; Roebroeck et al., 2005) . Granger Causality thus tests for both effective (directed) and functional (instantaneous) connectivity between a seed region and all other areas of the brain (Goebel et al., 2003; Roebroeck et al., 2005; . We computed separate 12 functional and effective connectivity maps demonstrating interactions between this seed region and all other voxels in the brain across the entire timecourse of each functional run (290 TRs) for each participant. As we were primarily interested in directed influences to and from this seed region, we focused on effective connectivity results. Connectivity maps were computed for each participant and were combined to form a group map which was subjected to a t-test against zero (Dickerson et al., 2010) . Group comparison maps were thresholded at p<.005, and corrected using a cluster threshold of 6 contiguous voxels (equivalent to 162 mm 3 of contiguous brain tissue) as determined by the Cluster Level Statistical Estimator.
Results
Behavioral Results
A simple Pearson's correlation between MRI participants' and their friends' responses on the IOS revealed a significant correlation (r (16) = 0.68, p = .002), suggesting similar perceptions of the friendship. Supporting these results, both MRI participants (t (17) = 12.83, p <.001) and their friends (t (17) = 12.70, p <.001) reporting feeling closer to each other than to the confederate, suggesting an effective in vs. out-of-network manipulation.
Assessing MRI participants' pre-task ratings of competitiveness (e.g., "How much do you want to beat this competitor in the game?") with a one-way repeated measures ANOVA revealed a marginally significant main effect (F (1.335, 22.694) = 3.045, p = .084). Participants were marginally more motivated to compete against the RNG (M = 6.39, SD = 0.98) compared to their friend (M = 5.55, SD = 1.54; t (17) = 1.97, p = .065); this effect was weaker between confederate (M = 6.11, SD = 0.96) and friend (t (17) = 1.49, p = 0.15). These results suggest that competing against an in-network other may have differentially affected participants' motivation in the task 13 as expected, though they did not quite reach significance. Probing post-session ratings of excitement and disappointment for winning/losing revealed no significant effects.
Neuroimaging Results
Whole Brain Analyses. Our primary interest in this study was whether level of social network with a competitor would modulate corticostriatal outcome value signals. A 2 (role) x 3 (competitor) x 2 (outcome) whole brain repeated measures ANOVA revealed a main effect of competitor (see Table 1 ) which was highly robust across many mPFC regions (see Figure 2A ).
Importantly, a cluster emerged in a dorsal part of BA10 in mPFC (x, y, z = -7, 49, 6), encompassing voxels previously implicated as being sensitive to social gains from risky choices compared to social losses and non-social outcomes (Bault et al., 2011) . When collapsing across outcome valence (see Figure 2B ), BOLD responses here were more positive when competing against one's friend as compared to the random number generator (t (17) = 6.45, p = .000006), or confederate (t (17) = 2.42, p = .027). This region also showed a more positive BOLD response when competing against the confederate than when competing against the RNG (t (17 14 Interestingly, we observed no modulation of BOLD activation in the striatum as a function of social network in this task. Rather, a main effect of outcome was observed in multiple striatal subregions including bilateral ventral caudate nucleus and bilateral putamen (see Table 2 ). Striatal BOLD responses were significantly greater for positive compared to negative outcomes, irrespective of competitor (see Figure 3A & Figure S1 for additional discussion) revealed increased BOLD responses in a number of striatal subregions (see Table 3 ), including bilateral putamen, when experiencing positive compared to negative outcomes against a social compared to non-social competitor.
Granger Causality Analysis. Based on a main effect of competitor emerging in mPFC but not the striatum, and evidence showing connectivity between these two areas during strategic and competitive interactions (e.g., Hampton et al., 2008; Bault et al., 2011) , we examined interactions between mPFC and the rest of the brain with a Granger Causality analysis. We chose a cluster in BA10 (x, y, z = -7, 49, 6) as the seed region for this analysis, given our results
showing its sensitivity to social network. This cluster also contains the peak voxel reported in a recent study by Bault and colleagues (2011) effective connectivity results; clusters in red are targets of the mPFC seed region. As can be seen, directed influences are sent to bilateral ventral striatum (see Table 4 for complete list of regions identified in this analysis), which demonstrated a main effect of outcome in our whole brain ANOVA.
Discussion
We investigated whether outcomes experienced during a competitive social context would carry differential value as a function of social network. Our results demonstrate that competing against an in-network other elicits enhanced outcome value signals in corticostriatal circuitry. BOLD responses across a wide range of mPFC showed sensitivity to social network, with activation strongest when evaluating outcomes experienced against an in-network competitor. In the ventral striatum, BOLD responses were characterized by a main effect of outcome -stronger for positive compared to negative outcomes -and a more general social vs. We observed effective connectivity within corticostriatal circuitry as a result of a Granger Causality analysis: bilateral ventral striatum was a target of directed influence from a cluster of mPFC demonstrated to value positive outcomes earned after risky choices in comparison to another person (Bault et al., 2011) . It is possible that the directed influences sent from this cluster of mPFC, which demonstrated an in vs. out-network distinction in the present study, led to a more general representation of outcome value in the striatum as opposed to one that was specifically sensitive to social network in a more motivationally salient, cooperative context (Fareri et al., 2012) . This may additionally help explain why participants did not differentially rate excitement for winning or losing against each competitor. We thus suggest that the striatum 18 in part may have processed outcome value more coarsely here due to directed modulation from mPFC which was coding a finer sensitivity to social network.
It is important to consider potential caveats regarding this connectivity analysis. Granger
Causality is an exploratory analysis requiring no specific predictions about directionality or an a priori specified network of neural regions involved (Roebroeck et al., 2005) . This analysis searches for correlations and predictive relationships between the timecourse of activation in a specified seed region and the rest of the brain. One study (David et al., 2008) contends that Granger Causality may not be optimal for fMRI data because the temporal dynamics of the hemodynamic response may be heterogeneous across the brain. However, other evidence suggests that considering temporal dynamics of fMRI data, and particularly temporal precedence is necessary when attempting to model or detect causal influences However, given previous evidence from our group (Fareri et al., 2012) , as well as complementary evidence suggesting general social reward sensitivity may be related to other measures of interpersonal closeness (Vrticka et al., 2008;  for review see Vrticka and
Vuilleumier, 2012), this result is not necessarily surprising. Competing against a close, innetwork other may in fact be orthogonal to the notion of a merged representation of a social relationship inherent in the construct of social closeness (Aron et al., 1992) . Rather than sharing 19 a positive experience with another and perhaps reaffirming a friendship with said shared reward (Fareri et al., 2012) , positive outcomes in the present task necessarily came at the expense of an in-network friend, which would not be a mutually positive and reaffirming experience.
The striatum demonstrated a general sensitivity to positive compared to negative outcomes, which was greater when competing against a social entity. We did not observe any significant competitor effects in response to negative outcomes as previously observed (Delgado et al., 2008) . This could have been in part due to the competitive social context here not being which learning an optimal behavioral strategy is necessary to beat in vs. out-of-network competitors. Such an alternative design might better parse contributions of mPFC and striatum when competing against in/out-network others. This may also further delineate behavioral correlates of competitiveness. While conceivable that competing against one's friend may elicit a stronger competitive desire, it seems equally likely that participants might be less motivated to beat their friend, and a more salient design may further elucidate these divergent predictions.
The value placed on experienced outcomes is subject to a great deal of influence across varying social contexts. A common and important modulator of experienced outcomes is with 20 whom they occur--someone from within or outside our social network. Our findings demonstrate that when competing against in-network others, increased value signals emerge in mPFC upon outcome receipt, as compared to receiving the same outcome in competition with an out-of-network other or non-social entity. This supports an integrating role for the mPFC, combining social information with value signals in a competitive social context.
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David, O., Guillemain, I., Saillet, S., Reyt, S., Deransart, C., Segebarth, C., and Depaulis, A. Fareri et al., 2012) . A. A picture at the top of the screen indicated MRI participants' competitor on each trial. MRI participants' roles alternated between making guesses (player runs) and observing their competitors make the guesses (observer runs). Responses were made during a 2s response period, which was followed by jittered inter-stimulus interval (4-10s) and an ensuing outcome phase (2s). B. Correct guesses indicated by a green check mark resulted in +$2.00 for the respondent, and $0.00 for the other party on a given trial. Incorrect guesses indicated by a red "X" resulted in $0.00 for the respondent and +$2.00 for the other party. Trials were separated by a jittered inter-trial interval (12-14s). Activation map was set to an initial uncorrected height threshold of p<.005, and subsequently whole brain corrected at the cluster level to a threshold of p<.05. Figure 1 . Task Structure. MRI participants played a simple card guessing task in which they competed for monetary outcomes against one of three competitors on each trial--a random number generator, a gender matched confederate, or a close, same gender friend (adapted from Fareri et al., 2012) . A. A picture at the top of the screen indicated MRI participants' competitor on each trial. MRI participants' roles alternated between making guesses (player runs) and observing their competitors make the guesses (observer runs). Responses were made during a 2s response period, which was followed by jittered inter-stimulus interval (4-10s) and an ensuing outcome phase (2s). B. Correct guesses indicated by a green check mark resulted in +$2.00 for the respondent, and $0.00 for the other party on a given trial. Incorrect guesses indicated by a red "X" resulted in $0.00 for the respondent and +$2.00 for the other party. Trials were separated by a jittered inter-trial interval (12-14s). 162x153mm (300 x 300 DPI) Figure 2 . Main Effect of Competitor (Outcome Phase). A. A 2 (role) x 3 (competitor) x 2 (outcome) whole brain repeated measures ANOVA revealed a significant main effect of competitor across in a number of regions. B. Parameter estimates extracted from a cluster in BA10 (x, y, z = -7, 49, 6) demonstrate this effect to be driven by enhanced value signals to outcomes on friend trials compared to confederate or RNG trials. C. Similar results emerged in a cluster of posterior cingulate cortex bordering the cuneus (BA31). Activation maps were set to an initial uncorrected height threshold of p<.001, and subsequently whole brain corrected at the cluster level to a threshold of p<.05. 155x98mm (300 x 300 DPI) Figure 3 . Main Effect of Outcome. A. A significant main effect of outcome emerged during a 2 (role) x 3 (competitor) x 2 (outcome) whole brain repeated measures ANOVA in bilateral ventral striatum. B. BOLD responses in the left ventral striatum (x, y, z, = -10, 7, 0) demonstrated enhanced value signals to positive compared to negative outcomes across all competitor conditions. Activation map was set to an initial uncorrected height threshold of p<.001, and subsequently whole brain corrected at the cluster level to a threshold of p<.05. 153x196mm (300 x 300 DPI) Figure 4 . Effective Connectivity Maps. A Granger Causality Analysis using a seed region in mPFC which demonstrated a main effect of competitor (x, y, z = -7, 49, 6) revealed directed influences sent from this region to bilateral ventral striatum (right: x, y, z = 11, 13, -3; left: x, y, z = -7, 7, 0) . The clusters depicted in red denote directed influences received from the mPFC seed. Activation map was set to an initial uncorrected height threshold of p<.005, and subsequently whole brain corrected at the cluster level to a threshold of p<.05. 78x71mm (150 x 150 DPI)
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